In order to understand the specificity of sequences or structures recognized by a recombinase involved in class switch recombination (CSR), we examined the relative CSR efficiency of various switch sequences in artificial CSR constructs that undergo CSR in CH12F3-2 murine B lymphoma line. Since CSR recombination is not specific to switch regions of different isotypes or orientation of S sequences, we examined the efficiency of S sequences of non-mammalian species and artificial sequences which lack several characters of mammal switch sequences: chicken S µ , Xenopus S µ , telomere, multiple cloning site (MCS) and unrelated negative control sequence. CSR occurred in chicken S µ and MCS with significantly higher efficiency than the negative control. A common character of these two sequences is that they are rich in palindrome and stem-loop structures. However, telomeres, which are G-rich and repetitive but not palindromic, could not serve as switch sequences at all. The AT-rich Xenopus S µ sequence was inefficient but capable of CSR. CSR breakpoint distribution suggests that the cleavage may take place preferentially in the proximity of the junctions (neck) between the loop and stem in the secondary structure of the single-stranded S sequence, which can be formed by palindromic sequences. The results suggest that the secondary structure of S-region sequences which is transiently formed during transcription may be necessary for recognition by class switch recombinase.
Introduction
Three types of genetic alteration are involved in amplification upstream of each C H gene except for the C δ gene. S regions of human and mice are composed of tandem repeats of Gof diversity of the Ig loci. (i) The V(D)J recombination assembles V, D and J segments into a variable region (V) rich motifs which contain variants of pentameric motifs of GAGCT and GGG(G/C)T, and are similar but distinct among exon by the RAG-1 and RAG-2 proteins, and contributes to diversification of the antigen-binding sites during differentidifferent isotypes. Cleavage of the S region of C µ (S µ ) and one of the downstream S regions (S γ , S ε or S α ) is followed by ation of lymphocytes (1). (ii) Somatic hypermutation (SHM) introduces massive mutations in the rearranged V region exon circularization of the cleaved inter-S segment containing the C µ gene, and juxtaposition of the V exon and the downstream upon antigen stimulation and generates a large number of progeny clones which are selected by high-affinity binding to C H exon. Although recent reports indicate that activationinduced cytidine deaminase (AID) plays a critical role in both given antigens (2). (iii) Class switch recombination (CSR) converts the constant region of the heavy chain (C H ) from C µ SHM and CSR, the molecular mechanisms for SHM and CSR are still unknown (5, 6) . In particular, it is totally unknown to C H of other classes or isotypes such as C γ , C α and C ε . Ig of different classes have distinct physiological functions that how S regions are recognized by class switch recombinase (endonuclease) whose activity is probably regulated by AID. differ in their properties of polymerization, complement fixation, binding to class-specific Fc receptors, and site of
To address this issue, we have developed an artificial CSR system by combining a DNA construct containing the S µ and secretion and deposition. Since class switching maintains the variable region (antigen binding site) unchanged, it is a S α sequences, and CH12F3-2 B lymphoma line which almost exclusively switches to IgA by cytokine stimulation (7) . Sucmechanism to diversify Ig effector functions with the same antigen specificity (3, 4) . cessful replacement of the S α sequence with S segments of other isotypes in the construct indicates that CSR endo-CSR introduces DNA breaks in the switch (S) region located nuclease in CH12F3-2 cells can recognize all of the murine gene cassette, SMC-11 (7) , which is derived from pMC1neo-polyA (Stratagene, La Jolla, CA). The recombinant contained S γ , S ε and S α sequences in spite of almost exclusive class switching to IgA in the endogenous locus. In addition, CSR the two transcription units in the same direction and was designated as SMC-24. A fragment containing the CMV endonuclease is indifferent to the orientation of S sequences. These observations suggest that CSR endonuclease may promoter-driven hygromycin phosphotransferase-thymidine kinase fusion protein (HyTK) gene was isolated from ptgCMV/ recognize not the primary sequence of S regions, but rather the secondary structure formed by S sequences.
HyTK (13) as CMV·HyTK. CMV·HyTK was inserted between the two transcription units of SMC-24 to generate SCG(0,0). To explore this possibility, we have carried out more detailed analyses of S-region specificity using this artificial CSR subTwo copies of FSα-2, a 1.2-kb fragment of the mouse S α core sequence (7), were inserted into the intron of the SRα strate. We report here that murine class switch recombinase can recognize distantly related S sequences of other species transcription unit of SCG(0,0) to give rise to SCG(0,2α). A single copy of FSµ-4, a 1.3-kb fragment of the mouse S µ core such as chicken (C-rich plus G-rich) (8) and frog (AT-rich) (9), albeit less efficiently, but not vertebrate telomere sequences sequence (7), was further inserted into the intron between the EC and SS exons to generate SCG(µ,2α) as shown in which contain repetitive sequences of G-rich motifs similar to mammalian S sequences. Class switch recombinase also Fig. 1(a) . The entire chicken S µ region was amplified by PCR using recognized artificial sequences composed of a tandem array of restriction sites containing many short palindromes. These the primers 5Ј-flanked with the SalI site (5Ј-ATG GTC GAC GCG GCG CTA ATT AAG GCG GTT AAT GAA GGT C-3Ј; 5Ј-observations together with breakpoint distribution analyses led us to conclude that class switch recombinase may recog-ATG GTC GAC CGT CGT GGG ATG GAC TGG GAT GGA CTG-3Ј) from plasmid pE13-A containing the 13.5-kb EcoRI nize a secondary structure of S regions, which is dependent on repeats of palindromes but not on repeats of simple Gfragment of the chicken S µ region (14) . After SalI digestion, PCR products were ligated into the SalI site of SCG(0,2α) to rich sequences.
generate SCG(gµ,2α) as shown in Fig. 1(b) . The entire Xenopus S µ region was amplified by PCR using the primers Methods 5Ј-flanked with the SalI site (5Ј-ATG GTC GAC TTT TTG CCA  AAA TGA GAT TGA GAT TGC TTT AAC-3Ј; 5Ј-ATG GTC GAC  Constructs  TGA CAA GAT GAG CAC TTC ACA GAA TGA ATT TA-3Ј) from genomic DNA of Xenopus laevis (9) . After SalI digestion, The extracellular portion (EC) and flanking introns of mouse CD8α (10) were amplified by PCR from genomic DNA of the 3.1-kb fragment obtained was inserted into the SalI site of SCG(0,2α) to generate SCG(Xµ,2α). Specific amplification CH12F3-2 cells using the following primers: 5Ј-CCT AGA GCC CTA GCT TGA CCT AAG CTG C-3Ј and 5Ј-TTG TCG of the chicken and the Xenopus S µ sequences was confirmed by restriction mapping and sequencing. To generate the ACC CCA GGC TAT CTG CTT ATC-3Ј. The amplified EC portion of CD8α was ligated to a splice acceptor signal (SS) telomere sequence, PCR was performed by using the primers with telomere repeats complimentary to each other, i.e. 5Ј-from an expression vector, pcDL·SRα (11) , in pGEM-T vector (Promega, Madison, WI). The EC-SS fragment was then (GGGTTA) 20 -3Ј and 5Ј-(CCCTAA) 20 -3Ј, without a template (15, 16) . A 120-bp fragment composed of nine repeats of the integrated into pEF-BOS (12) , an expression vector with a strong promoter from the human EF-1α gene. From the telomere motif was cloned into the SmaI site of pBSKS (Stratagene). Two copies of this fragment were concatemerresulting plasmid, a fragment containing the entire transcription unit was excised as BOS·EC·SS.
ized after SmaI excision, ligated with a ClaI-linker at both ends and inserted into SCG(µ,0) to generate SCG(µ,TEL). A The CD8α transmembrane (TM) exon with the 5Ј intron was amplified by genomic PCR using the primers: 5Ј-TGG TCG multiple cloning site of pBluescript KS II (Stratagene) was isolated by BssHII digestion, and six copies of the fragment anti-mouse CD40 antibody, HM40-3 (a gift from Dr Yagita). Postswitch transcript (Post-Tr) was amplified with the primers BF and SR. GAPDH and HPRT transcripts were amplified with Linearized DNA constructs were introduced into CH12F3-2 cells by electroporation. Stable transfectants were selected the primer pairs (GF, 5Ј-ACC ACA GTC CAT GCC ATC AC-3Ј; GR, 5Ј-TCC ACC ACC CTG TTG CTG TA-3Ј) and (HF, 5Ј-with G418. Single-copy transfectants confirmed by genomic Southern blotting were used for analyses.
CTC GAA GTG TTG GAT ACA GG-3Ј; HR, 5Ј-TGG CCT ATA GGC TCA TAG TG-3Ј) respectively.
Flow cytometry
Determination of breakpoint sequences Cells were stained with phycoerythrin-conjugated goat antimouse IgA polyclonal antibodies (Southern Biotechnology CD8α-GFP ϩ cells in stimulated SCG(gµ,2α) and SCG(MCS,2α) transfectants were sorted with anti-CD8α antiAssociates, Birmingham, AL) and allophycocyanin-conjugated anti-mouse CD8α mAb 53-6.7 (rat IgG2a,κ; PharMingen body-coupled magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany) and those of stimulated SCG(Xµ,2α) San Diego, CA), and analyzed by FACSCalibur and CellQuest software (Becton Dickinson, Mountain View, CA).
transfectants isolated by limiting dilution. CSR breakpoints in isolated CD8α-GFP ϩ clones were recovered by genomic RT-PCR PCR using the primers (5Ј-TAA ATG CGG GCC AAG ATC TGC ACA CTG GTA TTT C-3Ј; 5Ј-TGA ACA GCT CCT CGC Total RNA was isolated using Trizol reagent (Gibco/BRL, Gaithersburg, MD). First-strand cDNA was synthesized from CCT TGC TCA CCA C-3Ј). The PCR products were directly sequenced using either upstream or downstream primer (5Ј-1 µg of total RNA with SuperScript II reverse transcriptase (Gibco/BRL). From this cDNA, preswitch transcripts (Pre-Tr1
GCT CAG GTT AGG TGC TCT CA-3Ј or 5Ј-CGT CTC CCG GTC CAG GTC TC-3Ј respectively). and Pre-Tr2) were amplified by 30 cycles of PCR using the primer pairs (BF, 5Ј-GGT TTG CCG CCA GAA CAC AG-3Ј;
Computer analysis for secondary structures in S sequences BR, 5Ј-GAT TTC TTG TCT CCC ACG T-3Ј) and (SF, 5Ј-CTC GAG GAA CTG AAA AAC CAG AAA G-3Ј; SR, 5Ј-GTG GTT Folding of the single-stranded DNA in S sequences was analyzed by using the DNA folding program of Michael Zuker TGT CCA AAC TCA TCA ATG T-3Ј), respectively (Fig. 1a) . (Rensselaer Polytechnic Institute): http://mfold2.wustl.edu/ the first and second transcription units respectively was stably introduced in CH12F3-2 cells and eight single-copỹmfold/dna/form1.cgi. The folding conditions used were: temtransfectants were selected by genomic Southern blotting perature, 37°C; concentrations of [Na ϩ ] and [Mg 2ϩ ], 150 and (data not shown). Table 1 shows FACS and RT-PCR analyses 0.5 mM respectively. The most stable structure of the~100-of these transfectants after stimulation with cytokines and 200-base region surrounding the breakpoints which has the CD40 ligand. Such analyses of representative clones are lowest free energy of duplex formation (nG), was chosen in shown in Fig. 2 . #204 cells express no CD8α before stimulaeach switch sequence. Lengths and locations of folding tion. Three-day stimulation with IL-4, TGF-β1 and the antisequences are described in Fig. 6 (Fig. 1a) , although the basic features of the #209 and #212 were analyzed by RT-PCR, non-stimulated prototype substrate are conserved: (i) the presence of two S cells expressed preswitch transcripts Pre-Tr1 and Pre-Tr2, sequences, (ii) constitutive transcription of the S sequences suggesting that the S regions are accessible. Cytokine stimuand (iii) splicing that removes S sequences from the tranlation induced expression of CD8α-GFP fusion transcripts scripts. Deletion of a segment between two S sequences (Post-Tr) in all three clones (Fig. 2b) . Recombination would generate a new transcript (Post-Tr), in which CD8α EC breakpoints in the S region of substrate were identified by is spliced to the TM domain and anchored to the membrane.
genomic PCR and genomic Southern blotting after cloning of Between the two transcription units, the HyTK gene is inserted CD8α ϩ cells (data not shown). When the S µ sequence of this in order to select cells that underwent recombination in the substrate was replaced by the non-repetitive Non-S (NS) substrate (Fig. 1a) .
sequence [(SCG(NS,2α)], induction of neither CD8α ϩ cells nor Post-Tr was observed, in agreement with the previous SCG(µ,2α) harboring the murine S µ and S α sequences in GFP ϩ cells before and after stimulation in the lines carrying SCG(NS,2α) was Ͻ0.01% (Table 1) , indicating a very low background of the FACS assay. These analyses indicate that the SCG(µ,2α) construct serves as a good CSR substrate while the SCG(NS,2α) is a good negative control.
Non-mammalian S sequences are recognized by mouse CSR machinery
We examined whether non-mammalian S sequences from chicken and frog can be recognized by murine CSR recombinase (Table 1 ). The chicken S µ sequence amplified by genomic PCR was inserted to replace the murine S µ sequence of SCG(µ,2α) to generate SCG(gµ,2α) (Fig. 1b) . This substrate was stably introduced in CH12F3-2 cells and 14 single-copy transfectants were selected after Southern blot analyses of genomic DNA (data not shown). Five out of 14 clones exhibited the appearance of CD8α ϩ cells and postswitch transcripts after 3-day stimulation (Table 2) . FACS analysis of a representative clone #619, and RT-PCR analysis of three representative clones #608, #619 and #621 are shown in Fig. 3 . CD8α ϩ cells were enriched from stimulated cells using anti-CD8α antibody-conjugated magnetic beads (Fig. 3a) . Clones of CD8α ϩ cells were isolated by limiting dilution of the enriched population and their DNAs were analyzed by genomic PCR. The PCR products were of variable sizes but within a range expected from deletion between the S regions (9.5-2.0 kb) (Fig. 3c) . In addition, recombination breakpoints were identified by sequencing these PCR products directly. Breakpoints were found not only in the G-rich part (S µ 1) but also in the C-rich part (S µ 2) (Fig. 4) . These results indicate that the chicken S µ sequence is recognized by murine class switch recombinase.
Next, we examined whether the frog S µ sequence can function in CH12F3-2 cells. We prepared a construct SCG(Xµ,2α), in which Xenopus S µ replaced murine S µ of SCG(µ,2α) (Fig. 1b) . This substrate was stably introduced in CH12F3-2 cells and 14 single-copy transfectants were analyzed (Table 2 ). In spite of extensive analysis of 14 transfectants, only one clone #676 showed a low but signific- DNA stabilized by Hoogsteen bonding between guanine bases (19, 20) . The same structure is predicted to be formed by vertebrate telomere sequences composed of repeats of a hexamer unit TTAGGG (Table 2) . To examine whether the report (7) that two S sequences are essential for CSR ( Fig.  2c and d , and Table 1 ). Nevertheless, the expression levels telomere sequence can substitute for the S sequence, we generated a CSR substrate SCG(µ,TEL) containing the teloof Pre-Tr1 and Pre-Tr2 in SCG(NS,2α) were comparable to those in SCG(µ,2α) (Fig. 2e) . The frequency of the CD8α-mere sequence in place of the S α sequence. None of nine single-copy CH12F3-2 transfectants with this substrate by RT-PCR in the non-saturating PCR condition (Fig. 5d) , indicating that the absence of CSR is not due to a decreased expressed CD8α on the surface or Post-Tr upon stimulation ( Fig. 5a and b, and Table 2 ). Pre-Tr1 and Pre-Tr2 were transcription of the target sequences (Figs 2e, 3d and 5d). It is therefore concluded that the telomere sequence cannot comparably expressed in these transfectants as assessed be recognized by class switch recombinase. Consequently, gested that the stem-loop structure predicted from those palindromic sequences may play some roles for recognition repeats of G-rich sequences are not sufficient as a target of CSR.
by recombinase (9, 21) . The MCS of a conventional plasmid vector pBluescript KS II (Stratagene) contains such palinMultiple restriction enzyme sites can be a target of CSR drome-rich sequences. Twelve tandem copies of the 170-bp BssHII fragment containing MCS were inserted in place of S µ One feature of the S sequence conserved among mammals, chicken and frog is the presence of short inverted repeats or of SCG(µ,2α) to generate SCG(MCS,2α) (Fig. 1b) . Twelve single-copy transfectants of this construct were isolated and palindromes in their repetitive units (8, 9) . It has been sug-
Breakpoint distribution on the secondary structure of singlestranded S sequences
To confirm the importance of the palindromic structure for recognition by CSR recombinase, we mapped the recombination breakpoints obtained in the present study (Fig. 4) on the predicted secondary structure of the single-stranded S sequences (Fig. 6 ). An~100-200-base sequence surrounding each breakpoint was analyzed. Overall, 23 of 26 breakpoints were located within 1 base from the junction (neck) between the single-stranded loop and double-stranded stem (Fig. 6 and Table 3 ). The other three breakpoints (one in mouse S α and two in Xenopus S µ ) were located 3 or 8 bases away from the junction but in the single-stranded loop (Fig. 6 and Table  3 ). Since Xenopus S µ had a low frequency of CSR, we might have selected an unusual population of switched clones, which may reflect the different distribution profile of Xenopus S µ breakpoints on the secondary structure. These results suggest that some secondary structures are most likely a recognition target for CSR cleavage enzyme.
Discussion
We described here that the murine CSR machinery can target the chicken S µ sequence and the frog S µ sequence, albeit less efficiently. A previous study showing that transgenic mice with the human IgH locus can undergo CSR indicates the functional compatibility of human S sequences in mouse (22, 23 ). This conclusion is not surprising because S sequences are highly conserved between human and mouse. On the other hand, the chicken and frog S sequences clearly diverge from G-rich mammalian S sequences: chicken S µ consists of C-rich and G-rich regions (8) , and frog S µ of AT- known to form tetraplex DNA called G-quartet or G4-DNA. (19, 20) . Since the same structure is implicated in vertebrate telomere sequences, we examined whether CSR can occur in the substrate containing the murine telomere sequence stimulated with cytokines. Four out of 12 transfectants that expressed comparable amounts of Pre-Tr showed stimulationand demonstrated that the telomere sequence is not active for CSR, suggesting that the G-quartet structure may not be dependent appearance of CD8α-GFP ϩ cells by FACS and expression of CD8α-GFP transcripts by RT-PCR (Table 1, and recognized as a target of CSR. Another possible structure is a stem and a loop structure formed by palindromes or inverted Fig. 5a and b) . CD8α ϩ clones isolated after magnetic beads sorting were shown to contain rearranged SCG(MCS,2α) as repeats in S sequences. The stem-loop structure has been implicated for essential functions of many RNAs such as revealed by genomic PCR (Fig. 5c ). Recombination breakpoints of CD8α ϩ clones were identified within the MCS transfer RNA, ribosomal RNA, ribozymes and RNA editing (24,25). Although less well known, the functional implication sequence (Fig. 4) . These results indicate that repeat sequences containing short palindromes can be a target of stem-loop DNA is also suggested for the termination signal of transcription (26). The fact that palindromic motifs are of CSR. universally present in the repeat units of S regions of mammals, of restriction sites inserted in a V region was a hot spot of SHM when tested in a transgenic Ig locus (35) in parallel with birds and amphibians in spite of non-conservation of their primary sequences (Table 2) suggests that the stem-loop our experiment using MCS as a target of CSR in the artificial substrate (Fig. 5) . Furthermore, many V-region sequences structure might play an important role in CSR (21) . It is reported that CSR breakpoints are often located in the vicinity can form a stem-loop structure as revealed by computer analysis (35) . Based on these observations, it is tempting to of the predicted single-stranded bulge or transition between the stem and loop, i.e. neck regions, in the single-stranded speculate that AID activates a stem-loop-specific endonuclease that cleaves DNA at S and V regions when they are S sequences (9) . This hypothesis is further supported by the present study showing that the artificial sequence containing actively transcribed. This hypothesis can explain why the same endonuclease can recognize totally different sequences many restriction enzyme sites or MCS was found to function as a recombination target. Furthermore, comparison of of V and S regions. Since palindromic targets appear less frequently in the V regions than S regions, the frequency of breakpoint distributions and predicted secondary structures of the S sequences revealed that 23 of 26 junctions in murine DNA cleavage may be less in the V regions than S regions, giving rise to apparently contrasting outcomes: mutations in S α , chicken S µ , Xenopus S µ and MCS were located in the proximity of the border nucleotide (neck) between the loop the former and deletions in the latter, although deletions can also take place in V regions (28, 29) . It is important to point and stem regions (Fig. 6 and Table 3 ). Although the fraction of the neck regions in the total sequences of chicken S µ , out that this putative enzyme potentially cleaves non-Ig DNA sequences which can form a stem-loop structure during Xenopus S µ , MCS and murine S α is 63%, 88% of the breakpoints were located in the neck region, which is significactive transcription. This may explain occasional chromosomal translocation involving Ig and non-Ig loci such as c-myc antly higher than expected from a random distribution (P Ͻ 0.01). We have determined about 63 breakpoints in and hypermutation in the human bcl-6 gene in the progenies of germinal center B cells, in which both CSR and SHM are another type of CSR construct of murine S and found that all of them are located at the loop or neck structure (X. C. Chen active (41,42). et al., unpublished data). This conclusion is also consistent with our previous observation that the inverted S sequence
